Waveform-Based Analysis of Acoustic Emission from Fiber Fracture in Model Composite Plates by Bidlingmaier, T. et al.
WAVEFORM-BASED ANALYSIS OF ACOUSTIC EMISSION FROM FIBER 
FRACTURE IN MODEL COMPOSITE PLATES 
T. Bidlingmaier*, A. Wanner* and S. Ritter** 
* Institut fiir Metallkunde 
** Institut fiir Kunststoffprtifung und Kunststoftkunde 
Universitat Stuttgart 
Stuttgart, Germany 
INTRODUCTION 
Acoustic emission (AE) analysis is a useful method for tracking the course of 
damage development in fiber reinforced composites. The analysis of the AE data is simple 
as long as the AE measurement is only used as an indicator that there is something going on 
in the material. Further analysis of AE data with respect to location and characterization of 
the AE sources must take into account the effects of the sample geometry. For unbounded 
media where bulk waves dominate wave propagation, AE sources can be located by 
determining arrival times at different sensors [1] and characterized by applying moment 
tensor inversion techniques [2]. However, components and laboratory test coupons are 
thin-walled in most cases and the analysis methods described above usually cannot be 
applied. In such samples, wave propagation in the far field is dominated by guided wave 
modes which show dispersion. During the past two decades many investigators have tried 
to classify the different source mechanisms in bounded samples by using simple parameters 
(like maximum amplitude, rise time, energy, counts or duration) extracted from waveforms. 
The reported data (see e.g. [3-7] and references therein) are highly inconsistent because the 
measured parameters depend of course not only on the AE source characteristics but also on 
the specimen shape and material. 
The present work focuses on the qualitative and quantitative understanding of wave 
patterns and on the use of wave-based AE analysis to characterize individual damage events 
in typical test coupons. AE from fiber fracture and the effects of wave propagation have 
been studied by applying tensile loads to flat, dog-bone-shaped model composite specimens 
consisting of a polycarbonate matrix containing a single brittle fiber. The micromechanical 
processes at and near the fiber were also observed directly using an optical microscope. 
EXPERIMENTAL 
400 ~m thick tensile specimens with the two different geometries shown in Figs. 5 
and 7 were fabricated using polycarbonate (Bayer AG, PC32OO) as the matrix material and 
E-glass fibers of variable thicknesses and lengths as reinforcements. Details of specimen 
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fabrication are described in [8]. Specimens were tensile tested at a crosshead velocity of 
1 mmlmin (gauge length 65 mm) using a screw-driven miniature testing machine that fits 
on the object table of a confocal laser scanning microscope (Zeiss LSM 410). The 
microscope was set up as a circular polariscope for high-resolution photoelastic 
measurements. During straining, isochromatic-fringe-patterns of the matrix material in the 
vicinity of the fiber were taken at regular time intervals [9]. 
Symmetrical modes are expected to dominate wave propagation in these AE 
experiments because the fiber is placed in the middle layer of the specimen. In order to 
study effects of dispersion and attenuation of such waves propagating in a 400!lm thick 
polycarbonate sheet, ultrasonic measurements have been performed at frequencies up to 
1 MHz. This was accomplished using a continuous-wave, swept-frequency technique [1OJ. 
In these experiments, through-transmission measurements were performed from edge to 
edge of an unreinforced polycarbonate sheet (path length 58.75 mm). Velocity and 
attenuation of the first symmetrical mode have been determined by measuring amplitude 
and phase using a network analyzer. 
Acoustic emission measurements were performed using four broad-band sensors of 
the same kind (Model B 1025, Digital Wave Corp.) having a reasonably flat response in the 
frequency range 100kHz to 2 MHz. These sensors have casing diameters of 9 mm and 
aperture diameters of 6.3 mm and are sensitive to the out-of-plane specimen surface 
displacements. The sensors were attached in pairs on opposite sides of the specimen as 
shown in Fig. 1. A multipurpose grease (Molykote"', Dow Coming GmbH) was used as 
couplant. The wave-patterns of the AE signals were captured using a Model F4000 acoustic 
emission recording unit (Digital Wave Corp.) which includes variable preamplifiers, filters, 
amplifiers and a 4-channel, 8-bit transient recorder with a sampling rate of up to 25 MHz 
per channel. The sensor signals were preamplified, band-pass filtered, amplified and fed to 
the transient recorder. While the filter settings ~ 20 kHz, ~ 1.5 MHz) were identical 
throughout all experiments, the gain of the amplifiers was adjusted to accommodate the 
strongly varying amplitude levels of the experiments with different fiber diameters (total 
amplifications were in the range of 26 dB to 67 dB). 
AE-Sensors 
Figure 1. Sketch of experimental setup for AE monitored tensile tests. 
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Figure 2. Group velocity and attenuation vs. frequency of the I st symmetrical plate wave 
mode in a polycarbonate sheet of thickness 400 Jlm. 
RESULTS AND DISCUSSION 
Velocity and Attenuation 
The results of the velocity and attenuation measurement for the first symmetrical 
mode are shown in Fig. 2. The cut-off frequencies of higher order symmetrical modes are 
all above 2 MHz [11] and therefore these modes do not contribute to the measurements. 
The measured group velocity shows only a weak dispersion in the frequency range of 
interest (up to 1 MHz). This means that wavefonns are only slightly changed due to 
dispersion. It should be noted here that if the plates were thicker, or if flexural modes were 
stimulated by the AE source, the analysis would become more complex because dispersion 
effects cannot be neglected. In these cases an additional location algorithm has to be used 
[12] and different modes must be separated. While dispersion plays a minor role in this 
study, it is expected that the frequency dependent attenuation changes the wavefonns on its 
way from the source to the transducer, resulting in an increasing loss of high frequencies 
with increasing distance. As an example, for a typical source-receiver distance of 15 mm 
the attenuation is 8 dB at 200 kHz and 23 dB at 600 kHz leading to a considerable 
difference of 15 dB. 
Generated Wave Modes 
Fig. 3 shows the AE wavefonns from a fiber fracture event during the tensile test of 
a type A specimen recorded at both sensors at one end of the specimen as shown in Fig. 4. 
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Figure 3. Waveforms of a fiber fracture 
event recorded on opposite surfaces of the 
specimen. 
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Figure 4. Sensor arrangement corresponding 
to the wavefonns shown in Fig. 3. 
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Figure 6. Waveforms from a fiber fracture event (left, amplitude: arbitrary units) and 
corresponding Fourier transforms (right, magnitude: arbitrary units) as recorded at sensor 1 
(above) and sensor 3 (below), specimen type A (Fig. 5). 
The almost perfect agreement in shape between the data for both sensors has been also 
observed for all other recorded waveforms. Furthermore, linear AE source location yields 
an optimum coincidence with optical results if the symmetrical plate mode velocity (Fig. 2) 
is used. This leads to the conclusion that the recorded waves show a pure symmetrical plate 
mode as expected. 
Influence of Wave Propagation on Waveform 
Two different sample geometries were used. Fig. 5 shows geometry, sensor 
positions, and corresponding acoustical ray paths from the AE source to the sensors for 
specimen type A. An example of recorded waveforms and pertinent Fourier transforms 
from a fiber fracture event for this arrangement is shown in Fig. 6. The duration of the 
waveforms is more than 100 Ils while the source-receiver travel time of the direct stress 
wave is about lOllS for the case of the first symmetrical plate mode. Assuming that this 
mode is the only propagating mode, and that a fiber fracture leads only to a short stress 
wave at the source « 10 Ils), it must be concluded that the measured waveforms contain not 
only the direct wave but also reflections from the edges. The dominance of low frequencies 
in the Fourier transform can thus be attributed to two mechanisms: (1) attenuation of higher 
frequencies in the trailing part of the waveform which is caused by the attenuation 
characteristics of the matrix material, and (2) interference of reflections with the direct 
wave and with each other. 
To examine the effect of reflections in more detail, experiments with a different 
specimen shape (specimen type B) and sensor positions as depicted in Fig. 7 have been 
performed. In this configuration sensor 1 should be only hit by the direct wave as shown in 
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Figure 7. Geometry, sensor positions, and acoustical ray paths for specimen type B. 
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Figure 8. Waveforms from a fiber fracture event (left, amplitude: arbitrary units) and 
corresponding Fourier transform (right, magnitude: arbitrary units) as recorded at sensor I 
(above) and sensor 3 (below), specimen type B (Fig. 7). 
Fig. 7. Data from a fiber fracture event during such an experiment is shown in Fig. 8. As 
expected, the waveform recorded at sensor I has a very short high amplitude leading part 
(ca. lO JlS) followed by a very low amplitude trailing part, which is still of short duration 
compared to the waveform of sensor 3 in Fig. 8 and compared to the waveforms in Fig. 6. 
Obviously the waveform recorded at sensor I is hardly affected by any reflections from the 
specimen edges. The corresponding Fourier transform (Fig. 8) is dominated by frequencies 
above 150 kHz. The clear shift to higher frequencies as compared to the Fourier transforms 
shown in Fig. 6 can be attributed to the absence of reflections. Signals recorded by sensor 3 
in the type B specimen are again affected by reflections, but in a much weaker fashion than 
in the type A specimens due to the larger path lengths of reflections. 
Effect of Sensor Position 
An additional experiment on a specimen similar to type A was performed in order to 
examine how the waveforms are affected by changes of the position of the recording sensor 
relative to the AE source and the specimen edges. In Fig. 9 the sensor and fiber positions of 
this experiment are shown. During the tensile test, four fiber fracture events occurred with 
distances from one of the fiber ends being 0.9, 1.8, 2.8, and 4.6 mm. As shown in Fig. 10, 
waveforms of different fracture events recorded at the same sensor vary only slightly in 
shape. This means that the variation of either the AE source or the sensor position in 
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Figure 10. Waveforms of different fracture events recorded at the same sensor: sensor 1 
(left) and sensor 3 (right). 
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Figure 11 . Waveforms of the same fiber fracture event recorded at two different sensor 
sites. 
longitudinal direction causes only slight changes in waveform shape. On the other hand, 
waveforms of the same fracture event recorded at different sensors show an agreement in 
shape only for the very first part (Fig. 11). Obviously the variations of sensor position in the 
transverse direction have a much higher impact on the measured waveform than variations 
in the longitudinal direction. To verify this, the waveforms recorded at the sensors were 
calculated using a model based on the following highly simplifying assumptions: 
(1) The shape of the AE source signal is a Gaussian shaped pulse. 
(2) The AE source signal shows a radiation pattern independent of angle and propagates 
only as the first symmetrical plate mode at a constant velocity of I750mls (this 
corresponds to the approximately constant phase and group velocity in the frequency 
range 0 to 800 kHz for polycarbonate plates of 400 J.1m thickness). 
(3) The signal propagates from the source to the sensor along two-dimensional acoustical 
ray paths as shown in Fig. 5. 
(4) The signals are totaJly reflected at the specimen edges (phase shift of1t, and angle of 
incidence equal angle of reflection [13]) 
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Figure 12. Sketch of fiber and sensor positions used for the parameter study. 
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Figure 13. Simulated waveforms for varying sensor positions showing longitudinal 
direction variation (left) and transverse direction variation (right). Amplitude is relative to 
the maximum amplitude of the input signal. 
(5) Geometric attenuation (amplitude) is considered to be proportional fll2 with 
r = distance from AE source (point source assumption). 
(6) Attenuation due to scattering and absorption is treated as being frequency independent, 
which is a gross simplification. The amplitude attenuation coefficient IX used is 
O.Ollmm. 
(7) Sensor aperture effects are neglected. 
The waveform was calculated by superposing the direct and the reflected signals. 
Ray paths with up to five reflections were taken into account. The position of the AE source 
was kept constant and the sensor positions were varied as shown in Fig. 12, 
The results of the model calculation which are shown in Fig. 13 confirm the 
aforementioned experimental observations. Again the transverse direction variation leads to 
much stronger changes of the waveform compared to longitudinal variation, This is also 
true if the sensor position is kept constant and the AE source position is varied in 
longitudinal or transverse direction. It can be concluded that waveforms of the same source 
mechanism may look very different if the source positions are distributed over the width of 
the sample as in real fiber reinforced composites. 
Another important result of this parameter study is that, within the sensor position 
range covered by the simulation, the first peak is affected by attenuation but not by 
reflections. Therefore, the very first part of the waveform should be the target of AE 
analysis since only this part is not affected by complex interference. The effect of 
attenuation can be taken into account if the path length of the direct wave is known. This 
also means that AE source location is an important part of analysis even if it is not the 
primary goal of the AE measurement. An example for the application of first peak analysis 
can be found in [8] wherein a correlation between first peak amplitude, fracture stress and 
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fiber diameter has been established for the case of fiber fracture in the system polycarbonate 
matrix / glass fiber. 
CONCLUSIONS 
Experiments and simulations have shown that reflections and attenuation in 
combination with the source-receiver-sample arrangement have a strong impact on the 
captured AE waveforms in a bounded plate. Only the very first portion of the waveform 
remains almost unaffected or can be corrected. Therefore common waveform parameters 
applied to the whole waveform are usually not suitable to characterize the AE source. 
Rather it is necessary to concentrate the analysis on the very first portion of the waveform. 
Results of a first application have been recently published elsewhere [8]. 
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